Iodide is an essential micronutrient in the human body. Therefore, it is of great interest to have a reliable analytical method for the control of its content in food and biological materials.
Introduction
Iodide is an essential micronutrient in the human body. Therefore, it is of great interest to have a reliable analytical method for the control of its content in food and biological materials.
There are numerous reports in the available literature related to the application of flow-injection methods for determination of iodide with different ways of detection. The methods include spectrophotometric iodide detections, 1 indirect flow-injection method with FAAS 2 (flame atomic apsorption spectrometry), flow-injection analysis and atomic absorption spectrometry with the on-line preconcentration, 3 chemiluminescent detection. 4 The FI (flow injection) method issued for determination of iodide ion in photograph developers using an iodide ionselective detector. 5 Iodide amounts can be estimated by FIA (flow injection analysis) methods as well, using permeable membranes. 6, 7 A high selectivity was achieved by the involvement of gas-diffusion and dialysis in a FIA system. In the above-mentioned methods, the effect of interfering substances is rather low, but the LODs are higher than in direct FIA methods. Ion chromatography has been successfully applied for determination of iodide in seawater samples. 8 Also, anode or cathode stripping voltammetry were frequently employed for iodide determination after preconcentration of the samples containing either iodide or iodine and the application of a carbon-paste electrode or a chemically modified carbon-paste electrode. 9 Kinetic methods for the determination of iodide based on its catalytic effect have been widely used. [10] [11] [12] Pastor et al. [13] [14] [15] examined spectrophotometrically the kinetics of the reaction of Mn 3+ with As 3+ in the presence of sulfuric 13, 14 or orthophosphoric 16 acid and iodide as a catalyst. The detection limit of 0.72 ng/L and RSD of up to 6% was achieved for iodide determination in sulfuric acid media. 13 The method was applied on determination of iodide content in some oximes that are used as antidotes for nervous gas poisoning. 14 The linear range was 1.0 × 10 -8 -8.0 × 10 -8 mol/L and for 2-[(hydroxyimino)methyl]-1-methylpyridinium iodide (2-PAM iodide) the limit of detection was 0.5 ng/mL (relative standard deviation of up to 9.1%). For iodide determination in phosphorous acid media 16 under the optimal experimental conditions in the range 0.6 -2.5 ng/mL, a relative standard deviation of up to 6.7% and a detection limit of 0.12 ng/mL was achieved.
In the work of Cheng and Hibbert, 16 amperometric and potentiometric detection was applied for iodide determination on a platinum electrode at +0.9 V versus Ag/AgCl electrode. The obtained detection limit is 1.0 × 10 -6 mol/L, RSD is 2.0% for iodide concentration 1.0 × 10 -4 mol/L and the linear range is 1.0 × 10 -6 -1.0 × 10 -3 mol/L. In the system applied throughout the present study, iodide injected into the carrier flow catalyzes the reaction of Mn 3+ with As
3+
, and the signal intensity, proportional to iodide concentration either in standard solution or in the sample, appears at the working platinum electrode as a response of the amperometric detector. Reactions of As 3+ , Mn 3+ and iodide in sulfuric acid using a Pt-electrode was studied by cyclic voltammetry. The method was applied using different iodidecontaining samples (waters, fodder, oximes, human blood sera).
Experimental

Preparation of reagents
All chemicals used throughout the present work were analytical grade. The solutions were prepared in doublydistilled, filtered and degassed water. Water samples acidified with sulfuric acid in order to remove carbonates were treated in an ultrasound bath (15 min) and directly analyzed. For the analyses, 37.5 mL water aliquots were taken. After the treatment, the samples were transferred into 50 mL volumetric flasks to the final sulfuric acid concentration of 1.0 mol/L. Samples of table salt and "light" salt, were dried at 105˚C. Approximately 2.0 g was dissolved in water and quantitatively transferred into a 100 mL volumetric flask.
Fodder was air-dried, sampled by the chess field method and grinded in a blender. About 2.0 g of fodder were measured and dissolved in water, treated in an ultrasound bath (15 min) and filtered through a quantitative filter into a 100 mL volumetric flask.
Organic substances, 2-PAM iodide and tetraethylammonium iodide, were precisely measured and dissolved in water.
Serum samples were prepared by taking 1.0 mL of serum and adding a certain volume of 9.0 mol/L sulfuric acid for denaturation and precipitation of proteins to the final acid concentration of 1.0 mol/L. The samples were centrifuged (3500 rpm) and the precipitates were thoroughly washed with sulfuric acid and filtered through a quantitative filter into 5.0 mL volumetric flasks.
Milk powder (T1823) certified by Central Science Laboratory (UK) was also used. It was prepared in the same way as that used for fodder samples.
Instruments and appliances
The FIA device used in the present study is schematically presented in Fig. 1 .
Three peristaltic pumps (P) were used. A Model HPB 5400 peristaltic pump (Iskra, Kranj, Slovenia) was employed to inject both the sample and the carrier. For a fine regulation of the flow rate, a Model MS REGLO peristaltic pump (Ismatec, Zurich, Switz.) was used. The third peristaltic pump used throughout the present work was a Model Mini S-840 (Ismatec). The valve for sample injection (I), Model 5020 (Rheodyne, Cotati, USA), has a 0.200 or 0.100 mL coil. The previously described flow amperometric detector (FC) LC-17A (BAS, West Lafayette, USA) 18 is composed of a pair of dual-disc platinum electrodes (working), a reference electrode and an accessory electrode. The Ag/AgCl (3.0 mol/L NaCl) that served as the reference electrode was separated from the working electrode by a 0.05 mm or 0.1 mm thick Teflon gasket, the thickness of which determined the volume of the solution in the flow detector. The potential of the working electrode was assigned and controlled by a potentiostat (PO) Model MA 5450 (Iskra); this was also used to measure the current. The FI signals were recorded by a recorder (RE) Model 61 Servograph (Radiometer, Copenhagen, Denmark). For the mixing of reagent and sample flow, a chemifold type II unit and mixing coils (0.5 mm × 52 cm) were used. The diameter of all Teflon tubes was 0.5 mm.
Cyclic voltammograms were recorded on a Model CHI760B instrument (CHInstruments, USA). The amperometric cell was equipped with a working platinum electrode (Model CHI102, 2 mm diameter), an accessory platinum electrode of a larger area (Model CHI221, cell top including Pt wire counter electrode) and an Ag/AgCl reference electrode (Model CHI111).
Procedure
Solutions of As 3+ in 2.0 mol/L sulfuric acid (R1) and Mn 3+ in 6.0 mol/L sulfuric acid (R2) reach the mixing coil MC1. Iodide injected by valve (I) into the carrier (1.0 mol/L sulfuric acid or water) flow (C), comes to the MC2 mixing coil to be mixed with the content of the MC1 mixing coil. The reaction of Mn 3+ with As 3+ catalyzed by iodide proceeds in the MC2 mixing coil. After leaving the coil, reaction products reach the flow amperometric cell (FC). The recorder (RE) serves to register the current, the strength of which is proportional to the iodide concentration in the standard or sample solution.
Results and Discussion
Optimization of the FIA system
In order to optimize the system, we studied the effects of several parameters on the FIA signal intensity. The influence of the working electrode potential was examined within the range from +0.50 to +1.30 V, versus the Ag/AgCl reference electrode. Hydrodynamic voltammograms were obtained by triple injection of 1.0 × 10 -3 mol/L iodide solution and the highest peak was noticed at +0.90 V.
Cyclic voltammetry was employed to study the reaction of As 3+ , Mn 3+ , iodide and their mixtures at the Pt-electrode using in Fig. 2 show that, at potentials from 0.9 -1.1 V, the reaction among As 3+ , Mn 3+ and iodide occurs. Also, an increase of the peak parallel to the increase in the concentration of iodide added can be observed. Because of that, all further examinations and determinations were performed at +0.9 V potential in relation to the Ag/AgCl reference electrode. The effect of concentration of sulfuric acid as a carrier was studied by injecting the same standard 1.0 × 10 -3 mol/L iodide solution together with solutions of Mn 3+ and As 3+ , as above. The sulfuric acid concentration in the carrier varied from 0.5 -4.0 mol/L. The intensity of the FIA signals was decreasing parallel to the increase in sulfuric acid concentration over 1.0 mol/L. The possibility of using water as a carrier was also examined. For spectrophotometric investigation of the kinetics between Mn 3+ and As 3+ , it was not possible to work with sulfuric acid concentrations below 1.5 mol/L because there is significant color change due to structural change of complex that Mn 3+ builds with sulfate ions; as for concentrations higher than 3.5 mol/L, iodide oxidation by air oxygen occurs. 14 The effect of mixing order of the reagents within the system was also studied. Results showed that mixing of As 3+ and Mn 3+ solutions prior to iodide introduction gave a more stable baseline and the highest signals.
Although this was a rapid reaction (signals were recorded 15 s after injection) it was found that better results were obtained with a longer coil (52 cm) for the mixing of both reagents R1 and R2 (MC1) and their mixture with iodide (MC2).
To establish optimal concentrations of Mn 3+ and As 3+ , it was necessary to perform additional experiments.
The first experiment included recording of the FIA signal using 1.75 × 10 -3 mol/L Mn 3+ solution and varying concentrations of As 3+ solution (0.01, 0.02, 0.04 and 0.06 mol/L). This was followed by two series of FIA signal recordings using 3.5 × 10 -3 mol/L, i.e. 5.25 × 10 -3 mol/L Mn 3+ solution and As 3+ in the concentrations, as in the previous experiment. The signal increase was much more conspicuous than when the concentration of Mn 3+ solution was increasing. Tripling the concentration of Mn 3+ solution led only to an 30% increase. The most prominent change was observed when As 3+ concentration was increased from 0.01 mol/L to 0.02 mol/L; because of that, in further studies, 1.75 × 10 -3 mol/L Mn 3+ and 0.02 mol/L As 3+ solutions were used.
In a series of experiments the mixture of As 3+ and As 5+ with a molar ratio of As 3+ /As 5+ = 20:1 was applied, while 1.75 × 10 -3 mol/L Mn 3+ solution served as the second reagent. At the +0.9 V potential, the response of the amperometric detector was higher by 61.5% and 107.7% for 50 × 10 -6 mol/L and 100 × 10 :Mn 2+ = 1:1, was ±5%. The results of these experiments additionally confirmed that, at a potential of +0.9 V in relation to the Ag/AgCl reference electrode, the response of the amperometric detector depends on the ratio of concentrations of As 3+ /As 5+ and iodide present, while being independent of Mn 2+ concentration. Processes on a Pt electrode that were investigated by cyclic voltammetry show clearly that the mechanism is complex and occurs in several phases:
(1) 
It is obvious that the following reaction: HIO + H + + 2e -→ I -+ H2O, is responsible for the amperometric response. The series of experiments in FIA system indicates that mixture of As 3+ and As 5+ as one of the reagents will enable 50 -100% signal increase, depending on injected iodide concentration.
The effects of the volume of working solution was examined using Teflon gaskets of different thicknesses. Experimental results showed that the replacement of 0.05 mm thick gasket with 0.10 mm thick one, resulted in a decrease of the FIA signal intensity by 50%. This is in agreement with previously obtained results. 18 In this optimized system for determination of iodide content at the potential applied, the influence of possible interfering substances was examined by injecting iodide solution and possible interfering substances into the system. It was found that NO3   -, F   -, PO4 3-, CH3COO -, CO3 2-and complexon III did not interfere with the determination of iodide. Also, the ions listed in Table 1 were added to iodide solution in different ratios. Their ratios for the cases when the signal of the mixture did not differ from the signal of iodide alone by more than ±5% are presented.
The influence of blood serum components was also examined. 19 The signals recorded upon injection of creatinine (18 mg/l), hippuric acid (1 g/l), urea (0.7 g/l), uric acid (15 mg/l) or oxalic acid (0.1 g/l) did not differ from the baseline.
In this optimized system, the LOD was 5.0 × 10 -9 mol/L iodide, determined as the signal to noise ratio (3:1). 20 The limit of quantification was 1.5 × 10 -8 mol/L of iodide, determined as the signal and noise ratio (10:1). 20 If we use as one of the reagents the mixture of As × 10 -6 mol/L (n = 6) iodide standard were 1.68 and 3.03%, respectively.
Determination of iodide in different samples
Iodide content was determined by applying the described FIA method with an amperometric detector and by a titrimetric procedure. 21 A standard series of different iodide concentrations (5.0 × 10 Through study of the iodide content in organic substances (2-PAM iodide and tetraethylammonium iodide), we also determined their purity values, which are given in percentages.
Since table salts contain interfering concentrations of chlorides, iodides were determined by the method of internal standard. For this purpose, a series of standard iodide solutions (1.0, 2.5, 5.0, 7.5 and 10.0 × 10 -6 mol/L) was supplemented by an equivalent amount of chloride according to the labeled claim. From the calibration curve, the following equation was obtained: I = (0.00016 ± 0.00001)c + (0.007 ± 0.001) (R = 0.9988), where I represents current in µA, and c is iodide concentration in 10 -6 mol/L. The results of the analyses of these samples are summarized in Table 2 . Concentration of iodide in eight examined human blood serum samples ranged from 3.4 -7.5 × 10 -6 mol/L.
A certified reference material (T1823) was analyzed by the proposed method.
Conclusion
The results obtained throughout the present study demonstrate that the described flow-injection method for amperometric determination of iodide using Mn 3+ and As 3+ content in different samples is simple, rapid, selective and precise. It can be applied for iodide determination without previous separation even in samples with a relatively high content of other halogenides. Because of a low limit of detection, and wide linear range of the calibration run, this method for iodide determination can be an alternative approach to ion-exchange chromatography. The possibility for a rapid iodide determination in very diverse samples, especially residues of disinfectants prepared on the basis of iodine-containing quaternary ammonium bases, is a great advantage of this procedure. Table 2 Results of iodide determination in various samples a. Results given are obtained as averages of three measurements ± SD.
